Viruses of the species Mal de Río Cuarto virus (genus Fijivirus, family Reoviridae) cause significant economic losses in maize in Argentina. Genetic changes in the virus genome leading to better adaptation to diverse ecological conditions were postulated that would account for the increasing MRCV variability. The genomic differences between MRCV isolates from four ecologically different areas (Río Cuarto, RC; Pergamino, P; Jes u us María, JM; and Tafí del Valle, TV) were studied. RT-PCR-amplified fragments comprising four genomic segments (Seg1, Seg7, Seg9 and Seg10) of MRCV isolates were compared by RFLPs and nucleotide sequences. The segments were chosen based on the proteins they encode: RNA-dependent-RNA polymerase, proteins putatively associated with tubular structures and viroplasm and the major outer capsid protein, respectively. Genetic comparison suggested that JM and TV isolates were genetically similar, but RC and P were different. Therefore, they were clustered in three genetic groups (JM ¼ TV, RC and P). Together, nucleotide and amino acid sequence identities of the genomic segments were often above 96%. Seg1 was more variable (viral polymerase), whereas Seg7 (putative tubular structure) was the most conserved. Phylogeny analysis showed that MRCV isolates could be clustered in 'mountain area' and 'high production area' groups according to their geographical occurrence.
Summary
Viruses of the species Mal de Río Cuarto virus (genus Fijivirus, family Reoviridae) cause significant economic losses in maize in Argentina. Genetic changes in the virus genome leading to better adaptation to diverse ecological conditions were postulated that would account for the increasing MRCV variability. The genomic differences between MRCV isolates from four ecologically different areas (Río Cuarto, RC; Pergamino, P; Jes u us María, JM; and Tafí del Valle, TV) were studied. RT-PCR-amplified fragments comprising four genomic segments (Seg1, Seg7, Seg9 and Seg10) of MRCV isolates were compared by RFLPs and nucleotide sequences. The segments were chosen based on the proteins they encode: RNA-dependent-RNA polymerase, proteins putatively associated with tubular structures and viroplasm and the major outer capsid protein, respectively. Genetic comparison suggested that JM and TV isolates were genetically similar, but RC and P were different. Therefore, they were clustered in three genetic groups (JM ¼ TV, RC and P). Together, nucleotide and amino acid sequence identities of the genomic segments were often above 96%. Seg1 was more variable (viral polymerase), whereas Seg7 (putative tubular structure) was the most conserved. Phylogeny analysis showed that MRCV isolates could be clustered in 'mountain area' and 'high production area' groups according to their geographical occurrence.
Introduction
The mal de Río Cuarto virus (MRCV) causes a very important maize disease in Argentina. The most severe MRCV epidemic was recorded in 1996=97, when losses were more than US$ 120 million [21] . Mal de Río Cuarto has come to affect up to 25% of the 3,000,000 ha planted in Argentina, varying with the weather conditions in each crop year [22] . In recent years, the virus has been detected in Uruguay, and its presence has been suspected in Brazil [27, 29] . In addition to maize, the virus infects other crops like wheat, oat, barley, wild grasses and weed species of the families Poaceae and Cyperaceae, which are natural reservoirs of the virus and provide shelter for its main vector [14, 15, 20, 31] . The virus is efficiently transmitted by the planthopper Delphacodes kuscheli Fennah (Homoptera, Delphacidae), and it is thought to replicate in its vector [28] . Transmission by another planthopper, Delphacodes haywardii Muir, has also been reported [35] .
The virus belongs to the genus Fijivirus, family Reoviridae [12] , with spherical particles of 60-80 nm and 10 dsRNA genomic segments; it is related to Maize rough dwarf virus (MRDV) and Rice black streaked dwarf virus (RBSDV) [4, 8-10, 23, 26] . MRCV has been found to infect maize in ecologically different areas of cultivation [30] . In the endemic area, Río Cuarto (Cordoba province), plants infected with MRCV often show severe symptoms. The disease, in general, shows milder symptoms in Pergamino (Buenos Aires province), and slightly different symptoms in maize have been seen in Jes u us María (Cordoba province) [G. March, com. pers.]. In Tafí del Valle (Tucumán province), where high virus titers have been observed, the disease is highly spread throughout oats and maize crops, infecting more than 50% of plants during some growing seasons [36] . The biological characterization of these distinct isolates is incomplete and is currently under investigation [1] . The presence of the disease in non-endemic areas, the infection of novel hosts, and the discovery of new vectors may be a result of an increasing ability of the virus to adapt itself to new environmental conditions due to genetic changes in its genome. This diversity among MRCV isolates may compromise the control measures used against this pathogen, since the appearance of new virulent strains has often hampered virus control in vast numbers of crops [33] . In addition, MRCV variability represents a threat to neighboring countries such as Brazil and Uruguay from the spread of the virus to tropical areas due to its possible adaptation to new hosts and vectors [20] .
Since the diversity of MRCV is unknown, the aim of this investigation was to compare at the molecular level four MRCV isolates from four ecologically different geographic areas in Argentina. Molecular variation analysis was performed using four genomic regions (Seg1, Seg7, Seg9 and Seg10) of the viral genome encoding the proteins RNAdependent RNA polymerase, proteins putatively associated with formation of tubular structures and viroplasm and the major outer capsid protein, respectively. The genome segments were analyzed by RFLP and nucleotide and amino acid sequence comparison, and phylogenetic trees were constructed and compared between MRCV isolates. The use of this information to support disease control strategies is discussed.
Materials and methods

Origin and maintenance of virus isolates
The field isolates were collected from four geographically distinct areas where Mal de Río Cuarto disease was present: MRCV-RC from Río Cuarto (endemic area, south of C o ordoba province), MRCV-JM from Jes u us María (north C o ordoba province, 238 km north of the endemic area), MRCV-TV from Tafí del Valle (a mountain valley located at an elevation of 2000 m, in Tucumán province; 700 km northwest of the endemic area), and MRCV-P from Pergamino (the main maize cultivation area in Buenos Aires province, 362 km east of the endemic area). These isolates were maintained in a greenhouse by D. kuscheli transmission to wheat [34] . Maize plants with symptoms of infection were tested by double antibody sandwich-ELISA test (DAS-ELISA), using MRCV antiserum [13] and dsRNA PAGE according to Rodríguez-Pardina et al. [31] to confirm virus infection. The positive samples were selected and stored in a freezer at À80 C.
Purification of MRCV dsRNA
Extraction of total RNA from MRCV-infected plants was performed mainly according to Sambrook et al. [32] . Amplification of genomic fragments Seg1, Seg7, Seg9 and Seg10
The partially available genomic sequences from field isolate of MRCV Seg1, Seg7 and Seg9 [4] were used for primer design to obtain estimated 2088-, 947-and 1562-nucleotidelong fragments of Seg1, Seg7 and Seg9, respectively. Seg10 sequences of MRDV (GenBank accession number L76560) and RDBSV (GenBank accession number D00606) were used to design primers to amplify an estimated 1665-nucleotide-long fragment of Seg10 of MRCV (Table 1) . RT-PCR was performed to partially amplify four genomic segments (Seg1, Seg7, Seg9 and Seg10) of the four MRCV isolates studied. Extracted dsRNA (2 ml), 1 ml of each primer (20 mM) plus 4 ml of distilled water were boiled for 2 min and cooled on ice. Four microliters of 5Â buffer, 2 ml 0.1 M DTT, 5 ml dNTP (2.5mM each) and 1ml reverse transcriptase (SuperScript II, Invitrogen, 200 U=ml) were added and incubated for 60 min at 45 C for first-strand synthesis. One microliter cDNA of each segment was amplified by PCR using Ex Taq(tm) DNA polymerase (TaKaRa Bio Inc., Shiga, Japan, 5 U=ml), and each primer pair is displayed in Table 1 . The thermal cycles were performed 35 times with a profile of 30 sec at 94 C, 1 min at 58 C (Seg7) or 60 C (Seg1, Seg9 and Seg10) and 2 min at 72 C. The amplification products after chloroform extraction and ethanol precipitation were analyzed by 1% agarose gel electrophoresis, stained with ethidium bromide, and visualized by UV light.
RFLP analysis
The DNA fragments obtained by RT-PCR of each isolate were digested separately with a panel of restriction endonucleases (AccII, AluI, BamHI, ClaI, DraI, EcoRI, EcoRV, HaeIII, HincII, HindIII, HinfI, MseI, MspI, NdeI, PstI, RsaI, Sau3AI, SphI, TaqI) according to the manufacturer's instructions (New England Biolabs, TaKaRa, TOYOBO). The digested fragments were separated by 3% agarose (NUSIEVE 3:1, FMC Bio Products) or 12% PAGE in TAE buffer (40 mM Tris-acetate, pH 8.0; 1 mM EDTA).
Cluster analysis with RFLP data
A binary data matrix was constructed for the presence= absence of a restriction band, on the basis of which a matrix of distances was obtained using the Dice similarity index and the square root transformation of the complement to one of the similarity (root ð1 À S ij Þ), where S ij represents the similarity between isolates i and j [6, 16] . To analyze similarities among isolates, a UPGMA cluster analysis was done [40] on the distance matrix between isolates and bootstrap analysis (n ¼ 1000) of the data. 
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Cloning and sequencing of the amplified genomic fragments
The specifically amplified fragments were separated in 1% agarose gels, purified using the Sephaglas BandPrep Kit (Pharmacia), and cloned in a pGEM-T Easy vector (Promega), according to the manufacturer's procedures. The clones for sequencing were prepared using the CONCERT DNA purification kit (GibcoBRL). The nucleotide sequences were determined by the DNA Sequencing Laboratory of Molecular Biology from the Science Biology Institute of the University of Brasília (UnB, Brasília, DF, Brazil) by automated DNA sequencing using the Mega BASE 1000 DNA Analysis System (Amersham Pharmacia Biotech).
Sequence analysis and phylogenetic comparisons of Seg1, Seg7, Seg9 and Seg10 between MRCV isolates
The nucleotide and deduced amino acid sequences were compiled and analyzed using the BioEdit program [17] . The phylogenetic analyses were performed with the Phylip 3.63 program provided by BioEdit Sequence Alignment Editor using Clustal W 1.81 Multiple Sequence Alignments. The phylogenetic trees were constructed by the Neighbor-Joining= UPGMA method, version 3.5c, with negative branch lengths allowed and 1000 replicates of bootstrap analysis, available in BioEdit. The trees were visualized using the TreeView 3.2 program available in BioEdit. Rice black streaked dwarf virus, from Chinese Zhejiang rice isolates Seg1 (GenBank accession number NC_003729), Seg7 (GenBank accession number NC_003730), Seg9 (GenBank accession number NC_003731) and Seg10 (GenBank accession number NC_003733) was used as out-groups.
Ordering on principal coordinates for the determination of homologies between isolates
The similarities between isolates were analyzed using Metric Multidimensional Scaling (MDS) [19] . The analysis of RFLP data began from the distance matrix based on the Dice similarity index, and for the analysis of nucleotide and amino acid sequence data, the technique was applied on the distance matrices based on the similarity between isolates provided by the CLUSTAL W software. In both, the square root transformation of the complement to one of the similarity was performed and then MDS was applied. The cophenetic correlation coefficient was then obtained for all the matrices.
Results
RFLP cluster analysis of Seg1, Seg7, Seg9 and Seg10 genomic fragments
The regions of the four genomic segments using four isolates were successfully amplified by RT-PCR with the primers designed ( Table 1 ). The amplified regions analyzed represented about 22% of the total virus genome (6262 bp out of the total genome of 29,000 bp), corresponding approximately to 46% of Seg1, 43% of Seg7, 82% of Seg9, and 92% of Seg10. The RFLP fragments obtained using 19 different restriction enzymes for each amplified viral segment and each isolate are shown in Table 2 and Fig. 1 . The enzymes BamHI, EcoRV, MseI, MspI, NdeI, PstI and SphI, were not able to generate any polymorphism among any of the MRCV isolates analyzed. However, the RFLP analysis demonstrated that several enzymes generated distinct patterns of polymorphism that were able to discriminate between the MRCV isolates. For Seg1, digestion with HinfI discriminated RC from P, JM and TV. The digestions with the other 7 enzymes tested showed two types of restriction patterns, one shared by RC and P and the other shared by JM and TV isolates (Table 2) . Meanwhile, for Seg7, AluI and HaeIII showed two patterns, one shared by RC and P isolates, and the other grouping JM and TV isolates. The restriction pattern of Seg7 with AccII was able to discriminate P from the other isolates and EcoRI could be used to differentiate RC from the other 
three isolates ( Table 2 ). Analysis of Seg9 showed that AluI and RsaI were able to distinguish RC from the others, while ClaI and TaqI distinguished the P isolate. Meanwhile, AccII and Sau3AI showed 3 different patterns, one for the RC isolate, another for the P isolate, and a third one shared by JM and TV (Fig. 1a) . Analysis of Seg10 showed that AluI and Sau3AI were able to distinguish RC from P and JM=TV isolates (Fig. 1b) . The dendograms of Seg1 and Seg7 among isolates, performed on the polymorphisms generated by restriction enzyme digestion, suggested the presence of two groups of isolates, the RC=P group showing itself to be less homologous than the JM=TV group (Fig. 2) . The clusters of Seg9 and Seg10 revealed greater variation between the RC and P isolates than the other two segments analyzed, with the P isolate showing closer similarity to the JM=TV group than the RC isolate (Fig. 2) .
Sequence analysis of amplified fragments of Seg1, Seg7, Seg9 and Seg10 among MRCV isolates
The nucleotide sequence comparison of the four genomic fragments studied (Table 3) showed similar results to those obtained using RFLPs. The nucleotide sequence identity found among the isolates varied from 96 to 100%, depending on the fragment and=or the ORF analyzed ( Table 4 ). The nucleotide sequence identity compared to MRCV isolates and RBSDV (used as out-group) varied between 53 and 77%, and that of the amino acid sequence was between 36 and 83%. Greater variability was observed in the comparisons of amino acid sequences ( Table 4 ). The percentages of G þ C detected in the 4 segments studied were very similar to those found in the same genomic regions of RBSDV, varying between 31 and 35% in RBSDV and 32 and 33% in the MRCV isolates. In the Seg1 region analyzed, which encoded the RNA polymerase [9] , the identity among isolates at the nucleotide or amino acid level was 97 or 98% or above. A high degree of nucleotide sequence identity was found between RC and P, and the greatest between JM and TV. In the P isolate, an amino acid change was observed in a known conserved polymerase motif at position 726 of the complete segment (amino acid position 167 of the sequenced fragment in the Pergamino isolate). In this position, a lysine (K) was replaced by a glutamine (Q) (Fig. 3) .
A fragment of 947 bp (43%) of Seg7 (27% of ORF1 and 65% of ORF2) and 1562 bp (82%) of Seg9 (81% of ORF1 and 100% of ORF2) were analyzed (Tables 1 and 3 ). ORF1 (which encodes the putative tubular structure) presented a nucleotide identity of 99-100% among isolates. The ORF1 of Seg7 was the least variable when comparing isolates, of the six coding genome portions analyzed in this paper. The ORF2 (unknown function) of the same segment follows it in nucleotide conservation among isolates, which means that Seg7 is the most conserved segment at the nucleotide level of the four analyzed in this paper ( Table 4 ). The intergenic regions between ORF1 and ORF2 of Seg7 and Seg9 showed 100% nucleotide identity among all four isolates. For Seg10, 92.6% of the total genomic sequence was analyzed, with a total length of 1798 nt [10] . Comparing the nucleotide sequences among the isolates, the identities were between 97 and 99%, the same values as those shown for Seg1 and Seg9. Moreover, amino acid sequence analysis showed very high identities among isolates, 99% in all of the comparisons (Table 4) . 0  0  2088  696  47  -----0  0  MRCV-Seg7  0  0  285  96  27  49  100  609  202  65  0  0  MRCV-Seg9  0  0  851  282  81  64  100  630  209  100  17  16  MRCV-Seg10  0  0  1665  546  92  -----1 9  1 8 1 Number of nucleotides sequenced. 2 Percentage of the MRCV sequences analyzed based on the number of nucleotides belonging to the rice black streaked dwarf virus segment Seg1 (RBSDV-Seg1) (NC_003729); RBSDV-Seg7 (NC_003733); RBSDV-Seg9 (NC_003730) and RBSDV-Seg10 (NC_003731) with the number of nucleotides sequenced from MRCV-Seg1, MRCV-Seg7, MRCV-Seg9 and MRCV-Seg10, respectively. 3 Untranslated region. 4 Number of residues in deduced amino acid sequence.
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Molecular diversity of Mal de Río Cuarto virus isolates
Phylogenetic analysis of MRCV isolates
The genomic sequence analysis managed to distinguish the 4 isolates, grouping them in the 3 different clusters: JM and TV in the same group, RC and P in different groups similar to the patterns displayed by the RFLP analysis (Fig. 2) . The grouping was seen to be different only in the case of the amino acid analysis in the ORF2 of Seg9, where JM was found in the same cluster with P, and RC and TV were grouped separately in another two clusters (data not shown). The diversity among MRCV isolates was also analyzed using Metric Multidimensional Scaling (MDS). The coefficients of cophenetic correlation of the matrices of similarity among isolates were mostly high, indicating the high reliability of the orderings (data not shown).
For the data obtained for RFLPs, the coefficients were greater than 0.89; for the nucleotide data, they were greater than 0.70. The factorial plane representing the inter-distances among isolates indicated the presence of two groups, JM=TV and RC=P. The results indicated that the principal coordinates analysis corroborated what had been seen earlier in the cladograms made with RFLP data (Fig. 2) as well as in the phylograms generated with sequencing data (data not shown).
Discussion
Since the major outbreak of MRCV in the midnineties in Argentina, this virus has been expanding through different ecological areas where maize is cultivated. This expansion has been postulated to be associated with genetic changes in the virus genome, leading to better adaptation of the pathogen to diverse ecological conditions and accounting for the increasing MRCV variability. Here, in the analysis of Seg1, Seg7, Seg9 and Seg10 using enzymatic restriction, 13 of 19 enzymes detected polymorphism in the amplified regions of the genome. The sequence analysis of the four MRCV genomic fragments was able to increase the range of diversity detected and generated clear clusters of MRCV isolates reflecting their genetic differences. Molecular analysis was performed using genomic regions that putatively encode important virus proteins, such as the RNA-dependent RNA polymerase (Seg1), proteins associated with tubular structures (Seg7) and viroplasms (Seg9) and the major outer capsid protein (Seg10). In analogy to other fijivirus [2, 3, 9, 12, 18, 37, 38] , these proteins are expected to play a major role in virus replication, virus movement, particle maturation and pathogenesis. Hence, variability in these proteins is expected to account for virus fitness and virus adaptation in the field. In this work, phylogeny analysis of all genomic regions may reflect this adaptation. MRCV isolates could be clustered in ''mountain area' and 'high production area' groups according to their geographical occurrence and their differences in biological features such as severity of symptoms and=or virus accumulation in infected plants. The isolates collected in Jes u us María and in Tafí del Valle were both from mountain areas, located to the north of the endemic area for MRCV. In contrast, the Río Cuarto area is a cattle-raising area where part of the maize cultivated is used for forage, and Pergamino is almost exclusively an agricultural area, with a high predominance of maize crops. Fig. 3 . Conserved amino acid sequences specific for RNA-dependent RNA polymerases of reoviruses. The motifs [ Ã ] are those described in Nakashima et al. [25] . The amino acid change in the polymerase motif of the P isolate is shown in bold. The sequences used for comparison were: rice black-streaked dwarf virus (RBSDV) Seg1 NC_003729 and mal de Río Cuarto virus (MRCV) Seg1 AF 499925 Seg1 was one of those that presented the greatest variation in the nucleotide sequences among isolates. This segment is used for studying the taxonomy and evolutionary relationships between the genera of the family Reoviridae [12] because it encodes the RNA-dependent RNA polymerase (RdRp) protein, the most conserved among the viral protein products [2, 3] . However, the greater variation shown by Seg1 of MRCV agreed with the observation of Zang et al. [39] , who found a 96.8% identity between Japanese and Chinese isolates of RBSDV in partial sequences of Seg1, indicating that the ''RdRp motif'' was highly conserved, but the rest of the protein was not. Remarkably, the P isolate showed a change in the ''RdRp motif sequence'' compared to the other MRCV isolates and to other members of the genus Fijivirus. It is worth mentioning here that only the P isolate that was not able to survive in the greenhouse presented an amino acid change in the polymerase motif. It is speculated that this may have affected its stability of infection and=or of transmission, causing a subsequent loss of the isolate in the greenhouse. Such changes in conserved sequences of polymerase could also compromise control strategies for transgenic plants if polymerase sequences are employed for generating virus resistance.
For Seg7 and Seg 9, which putatively encode proteins involved in the tubular structures, viroplasm assembly, and other unknown biological functions [12] , our results partially agreed with those obtained by Zhang et al. [38] , who reported that ORF2 of Seg9 of RBSDV was particularly conserved among isolates from China, Japan and even the equivalent genomic region in MRDV. For Seg10, which encodes the putative major protein of the outer shell of the viral capsid, higher diversity in amino acid sequences was to be expected. However, Seg10 amino acid sequences were higly conserved, with an identity of above 99% among all the isolates, which agreed with the results obtained for RBSDV from distinct geographical regions and isolated from different hosts [11, 12, 38] . This was probably due to the importance of the biological function that this protein is thought to fulfill, being involved in the interaction of the virus with its environment and responsible for its biological and serological properties.
Together, in the comparisons of each MRCV isolate with the genome sequence equivalent in RBSDV, the nucleotide sequences were remarkably better conserved than the amino acid sequences in Seg7 and Seg9, but not in Seg1 or Seg10 (Table 4) . Distéfano et al. [10] indicated this situation when Seg2, Seg5, Seg6, Seg8 and Seg10 of the MRCV and RBSDV viruses were compared. The biological implications of these findings are not known, but it seems to be a feature linked to the members of the family Reoviridae [10, 37, 38] . The greater diversity in the amino acid sequences may indicate a higher selective pressure at the protein level during co-evolution of these viruses within their ecological niche.
Resistance to Mal de Río Cuarto virus has been assessed in every crop year under endemic conditions, and the results show hybrids with different levels of tolerance. But the disease is still a potential threat in maize areas; plants have been seen with rather different symptoms, new areas have been infected, and there are suspicions of the presence of new vectors. In Argentina, as a control measure, government research institutes and seed companies have been developing new maize cultivars with resistance to MRCV. However, in epidemic seasons, the resistance obtained has often been overcome [21, 24] possibly by high virus inoculum pressure and=or new virulent strains of the virus. In the last few years, efforts have been made to develop transgenic strategies to obtain resistance using different virus genomic segments [5, 7] . However, due to the multi-segmented nature of the MRCV genome, the most appropriate transgene to be used for pathogen-derived-resistance (PDR) is unknown. Therefore, to monitor virus adaptation, the development of genetic markers for virus identification and the ability to distinguish viral isolates of different geographic origins is important for their characterization and planning control strategies for this disease.
